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ABSTRACT 
Chitosan-siloxane porous hybrids have high potential as tissue scaffolds. This manuscript focuses on the regeneration of skull bone af
a burr hole. This was done using hybrids incorporated with calcium 
The specimens fitted the burr hole and the cells migrated into the pores 
inflammation was observed and the specimens degraded 12 months later. A coating of hydroxyapatite accelerated bon
compared. 
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1. INTRODUCTION 
 “Burr holes” are made to insert surgical tools during a 
craniotomy [1-3]. After surgery, this hole must be closed with 
autogenous or artificial bone graft materials. Calcium phosphate 
cement (CPC) is currently used for this [4-10]. However, the 
setting time of CPC is delayed if contact is made with 
cerebrospinal fluid or blood, they sometimes leak into the brain 
and also have a low degradation rate. Moreover, CPCs are fragile 
and may be broken as new bone regenerates.  
 Titanium plates [11,12] and some butt
[13-15] are also used to cover the holes. However, some ceramic 
buttons have the same risks as CPCs because they are fragile and 
titanium plates often prevent observations with magnetic 
resonanve imaging (MRI). In addition, titanium plate
thinning of the surrounding soft tissue and extrusion [16,17]. The 
main requirements of new skull bone graft materials are 
flexibility, biodegradability and acceleration of the bone 
regeneration. 
 Shirosaki et al., prepared the chitosan
glycidoxypropyltrimethoxysilane (GPTMS) porous hybrids via 
2. EXPERIMENTAL SECTION 
2.1. Preparation of the porous hybrids. 
 Chitosan (0.5 g, high molecular weight, deacetylation: 
79.0%, Aldrich®, USA) was dissolved in aqueous acetic acid (0.25 
M, 25 mL). GPTMS (Lancaster, Lancashire, UK) and calcium 
chloride (Nacalai Tesque, Kyoto, Japan) were added to give a 
molar ratio of chitosan to GPTMS (ChG) of 1:0.5 o
GPTMS :to CaCl2 (ChGCa) of 1.0 : 0.5 : 1.0. One mole of 
chitosan equates to one mole of deacetylated amino groups. The 
mixtures were stirred for 1 h at room temperature and a fraction of 
each resultant sol was poured into a polystyrene contai
frozen at -20°C for 24 h. The frozen hybrids were then transferred 
to a freeze dryer (FDU-506, EYELA, Tokyo, Japan) for 12 h until 
dry.  
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porosity and interconnected pores with around 100 μm diameter. 
The human osteosarcoma cell, MG63, attached, migrated and 
grew into the pores. Apatite deposition also occurred in the pores 
for hybrids containing calcium ions. The biodegradation was slow 
even in enzymatic solution; however, they confirmed with an 
vivo test that they were mostly degraded within 3 months [21,22]. 
 These results suggested that the hybrids remained until the 
skull regenerated. 
 Calcium ions and hydroxyapatite are effective at 
accelerating bone regeneration [23,24]. In a previous study, 
chitosan-siloxane hybrids incorporated with calcium chloride were 
soaked in alkaline phosphate solution to deposit the apatite on 
their surfaces [25]. The calcium ions were used for apatite 
formation without any loss and even after apatite deposition, the 
porosity remained high. In this study, three types of chitosan
siloxane porous hybrids were implanted into the burr hole and 
bone regeneration was observed histologically.
r chitosan to 
ner and 
Figure 1. Photograph of ChGCa specimens.
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 The resultant porous ChG and ChGCa hybrids were then 
washed with NaOH (0.25 M) and distilled water to neutralize 
remaining acetic acid and were again lyophilized. Some ChGCa 
hybrids were instead soaked in aqueous Na2HPO
at 80°C for 3 days (ChGCa_HAp). These hybrids were then 
washed with distilled water and lyophilized. Figure 1 shows a 
photograph of the chitosan-GPTMS porous hybrids containing 
calcium chloride to use in an in vivo animal test. 
2.2. In vivo animal test. 
 The hybrids were sterilized with γ-Ray
procedures were performed with the approval of the animal care 
and use committee of Osaka Medical College (No. 26044). In 
brief, eight adult female beagles weighting around 10 kg were 
each anesthetized with a mask using isoflurane (Abbott, Tokyo, 
Japan) in oxygen. Tracheal intubation was p
inducing the anesthesia which was maintained via a calibrated 
vaporizer (TEC3; Ohmeda, UK). The beagles were cleaned and 
draped in a standard manner, with a longitudinal incision made 
over the scalp and the pericranium was lifted off with a 
periosteal elevator. Then, four 14 mm burr holes were created to 
evacuate the liquefied hematoma (Figure 2). This was done in 
each beagle using a drill. Following evacuation, the hybrids were 
inserted into each burr hole. The commercial bone cement w
also implanted as a control. If the hybrids did not fit the hole, the 
doctor cut them with scissors during surgery (Figure 3). The 
periosteal and skin were finally sutured. All of the above surgical 
procedures were performed in a sterile manner. Specime
parietal bones including the cranioplasty were harvested and 
examined histologically. After fixation in buffered 10% 
3. RESULTS SECTION 
 The hybrid properties were examined in previous works 
[25]. The hybrids fitted the burr holes (Figure 4) and blood 
infiltrated the pores, but did not overflow. This means that they 
work as the styptic.  
Figure 4. Photograph of pure beagle skull after imp
specimens 
 Following implantation, all beagles survived with no 
wound infection or automutilation. Figures 5
histological results 12 months after operation. In the case of 
4 (0.01 M, pH8.8) 
. All surgical 
erformed after 
sharp 
as 
ns of the 
formaldehyde, the specimens were dehydrated in ethanol and 
soaked in xylene for defatting. 
Figure 2. Photographs of a medical de
and intraoperative defects created in the beagle skull (c).
Figure 3. Photograph of cutting the sample with medical scissors.
 Subsequently, the specimens were decalcified and thin 
sections were prepared by microtome and
hematoxyline-eosine (HE) and azan
 
lantation with the 
-9 show the 
commercial bone cement (Figure 5), the materials remai
white area is bone cement) but this disappeared during 
decalcification and fibrous tissue and blood vessels were observed 
near the surface (→). Osteoblasts and osteoclasts were not found. 
Figure 5. Light microscopic images of commercial bone cement 
cranioplasty 12 months after operation stained by HE (upper) and AM 
(lower). The right-hand images are a magnification of the left (yellow 
square). 
The final product of the commercial bone cement was 
hydroxyapatite, which degraded slowly in the skull. New bone did 
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not regenerate at the site implanted with bone cement.
the chitosan-siloxane porous hybrid induced new bone formation 
in their matrix (Figures 6-8).  
Figure 6. Light microscopic images of ChG cranioplasty 12 months after 
operation stained by HE (upper) and AM (lower). Images on the right 
images are a magnification of the left (yellow square).
Figure 7. Light microscopic images of ChGCa cranioplasty 12 months 
after operation stained by HE (upper) and AM (lower). Images on the 
right are a magnification of the left (yellow square).
Figure 8. Light microscopic images of ChGCa_HAp cranioplasty 12 
months after operation stained by HE (upper) and AM (lower). Images on 
the right are a magnification of the left (yellow square).
 Every hybrid degraded and disappeared within 12 months 
of implantation. Even in the case of ChG, many osteoblasts were 
on the hybrid (→) and many blood vessels (**) with havers canals 
formed in the new tissue (Figure 6). The osteoid tissue formed 
(blue) and some calcifications were found (light pink, 
 In contrast, 
 
 
 
 
 
 
*→), as 
shown in with AM staining images.
MG63 cells were cultured into the chitos
hybrids in vitro. The cells were attached and migrated into the 
interconnected pores and grew well. The hybrids also promoted 
alkaline phosphatase activity and the mineralization of human 
bone marrow cells because of silicon ion release 
cell behavior matched the results of the 
pore size of around 100-400 μm is proposed as optimal for 
osteoconduction [27] and pore sizes of greater than 300 μm are 
recommended to enhance bone formation via 
There are some reports that a pore sizes smaller than 100
sufficient for cell migration; however in this work, the chitosan
siloxane hybrids induced new bone and blood vessel formation 
even at a pore size of around 100 μm. T
chitosan-siloxane hybrid has the potential to promote bone 
regeneration with its microstructure, surface structure, and the 
released element. 
 Incorporation of calcium ions (ChGCa) accelerated bone 
formation (Figure 7). Osteoblasts were 
of the pre-existing bone and newly formed osteoid tissue. 
Calcifications were found in the osteoid tissue more easily than in 
ChG. Coating of hydroxyapatite (ChGCa_HAp)
bone formation compared with other cases
osteoblasts exist along the pre
vessels were formed in the osteoid tissue. Azan staining showed 
that strong calcifications were found in the osteoid tissue as shown 
in Figure 9.  
Figure 9. Light microscopic images of ChGCa_HAp cranioplasty 12 
months after operation stained by AM.
 Unfortunately, osteoclasts were not seen. Soluble silica and 
calcium ions released from the bioactive glass stimulated bone 
growth [23]. ChGCa also released silicon species an
[25]. Their synergy promoted the more active calcification of 
ChGCa compared with ChG. The proliferation and differentiation 
of osteoblasts depends on the calcium phosphate reactivity [24]. 
The dissolution rate and early bone formation are l
calcium and inorganic phosphates have an influence on bone 
formation. ChGCa_HAp has needle
apatite deposits on the surface of pores. The low crystalline apatite 
can dissolve easily in vivo. This means that the apatit
ChGCa_HAp dissolved and the calcium and phosphate ions 
released and then accelerated bone formation. In the present work, 
we could not find osteoclasts around the new bone. The 
osteoclasts participate in the degradation of material.
observed them only 12 months after implantation and the hybrids 
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had already disappeared. The osteoclasts may be present in the early stages after implantation. 
 
4. CONCLUSIONS 
 The chitosan-siloxane porous hybrids were very flexible 
and could easily be cut with surgical scissors to fit the burr holes. 
The blood infiltrated the pores but did not overflow. No 
inflammation occurred in the 12 months after implantation and the 
hybrids degraded and disappeared completely. New bone 
formation occurred at the site of implantation and there were many 
osoteoblasts and blood vessels with havers canals. Hydroxyapatite 
coating accelerated the calcification. The chitosan-siloxane porous 
hybrids could be used to repair burr holes after cranioplasty. 
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